Introduction {#sec1}
============

Atherosclerosis (AS) is characterized as a chronic inflammatory disease caused by cardiovascular dysfunction, such as unstable angina, myocardial infarction, peripheral thromboses, stroke, and sudden cardiac death.[@bib1] It is typically stirred by the interplay between endothelial dysfunction and subendothelial lipoprotein retention, which occurs primarily at regions with blocked blood flow and in the inner membrane of medium-sized arteries, especially at the points of bifurcations and arterial branching.[@bib2], [@bib3] The rupture of vulnerable atherosclerotic plaque accounts for the majority of clinically significant acute cardiovascular events in patients.[@bib4] The vascular lesions resemble early stages of AS, are regarded as acute atherosis, and are related to the impaired vascular remodeling of the spiral arteries.[@bib5] The present-day treatments for AS emphasize the limiting of its risk factors like hyperlipidemia or hypertension and modulating inflammation in the arterial wall.[@bib6] Therefore, it is necessary to provide potential molecular targets for the development of intervention strategies for AS.

MicroRNAs (miRNAs) have been introduced as biomarkers in the event of numerous cardiovascular diseases.[@bib7] Multiple studies have reported that miRNAs exert effects on cardiovascular cell functioning, and miR-133b is one of them that regulates cardiohypertrophy, embryonic heart development, and muscle cell proliferation.[@bib8] miR-133b is located at chromosome 6p12.2, and it modulates the expression of cardiac ion channels and cardiac myogenesis and development.[@bib9], [@bib10] An increased level of miR-133a in patients with cardiovascular diseases primarily originates from injury to the myocardium, and it can serve as a marker for cardiomyocyte death in cardiovascular diseases.[@bib11]

As bioinformatics websites and dual-luciferase reporter gene assay verified in the current study, mastermind-like 1 (MAML1) is a target gene of miR-133b. MAML1, as a member of the MAML family, is a transcriptional co-activator in the Notch-signaling pathway.[@bib12], [@bib13] The Notch-signaling pathway is a key regulator of differentiation in a variety of organisms and tissue types, and it acts as a tumor suppressor in solid tumors.[@bib14] Studies have indicated that the Notch-signaling pathway is involved in the development and maintenance of the cardiovascular system as well as the modulation of inflammation, which plays a main role in cardiovascular diseases.[@bib15] For example, in 2012, Fukuda et al.[@bib16] reported that the Notch-signaling pathway is associated with the occurrence and progression of AS. In addition, Mao and Jiang[@bib17] demonstrated in a recent study of 2018 that the Notch-signaling pathway is activated in the vessels of AS animal models and inhibition of the Notch-signaling pathway can significantly improve AS. Moreover, Aquila et al.[@bib18] reported that Notch ligand Delta-like 4 (DLL4) and Jagged-1 participate in the progression of arterial disease.

From the above findings, we hypothesized that miR-133b, the MAML1 gene, and the Notch-signaling pathway are involved in AS. Therefore, this study was aimed at exploring the effects of miR-133b on the biological activities of macrophages in AS mouse models by binding to MAML1 via the Notch-signaling pathway.

Results {#sec2}
=======

miR-133b Plays a Role in AS through the MAML1-Mediated Notch-Signaling Pathway {#sec2.1}
------------------------------------------------------------------------------

The R language package was employed in order to conduct differential analysis and screen the differential miRNAs from GEO: [GSE26555](ncbi-geo:GSE26555){#intref0010}. The expression heatmap of 10 differential miRNAs is shown in [Figure 1](#fig1){ref-type="fig"}A, indicating that miR-133b was significantly highly expressed in five AS samples (GEO: [GSM931490](ncbi-geo:GSM931490){#intref0015}, [GSM931492](ncbi-geo:GSM931492){#intref0020}, [GSM931496](ncbi-geo:GSM931496){#intref0025}, [GSM931497](ncbi-geo:GSM931497){#intref0030}, and [GSM931498](ncbi-geo:GSM931498){#intref0035}; red indicates high relative expression, and green indicates low relative expression). The expression patterns of the five AS samples were consistent, suggesting that the experimental conditions were stable and the data are reliable.Figure 1miR-133b Affects AS by Targeting MAML1 and Regulating the Notch-Signaling Pathway(A) Expression heatmap of 10 differential miRNAs in GEO: [GSE26555](ncbi-geo:GSE26555){#intref0095}. The abscissa represents sample number while the ordinate represents differential miRNAs. The upright histogram is color gradation, where each rectangle corresponds to one sample expression; red indicates high expression while green indicates low expression. (B) Comparison of target genes of miR-133b from TargetScan, miRDB, and DIANA. AS, atherosclerosis; miR-133b, microRNA-133b; MAML1, mastermind-like 1.

Next, the TargetScan, miRDB, and DIANA databases were used to predict the target genes of miR-133b. A total of 7 genes was selected from TargetScan based on the Cumulative weighted context^2+^ score \< −0.5 and Aggregate probability of conserved targeting (PCT) \> 0.9, while 29 predicted genes were obtained from miRDB according to Target Score \> 95, and 132 genes were obtained from DIANA in accordance with miRNA target gene (miTG) score \> 0.95. Subsequently, based on comparisons of target gene differences, a Venn map was plotted ([Figure 1](#fig1){ref-type="fig"}B), which demonstrated 2 intersection genes, namely, MAML1 and CELF4. miR-133b might regulate these 2 genes. The research of potential participant signaling pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database found that MAML1 is involved in the Notch-signaling pathway (map04330), yet research on CELF4 remained scarce. In addition, the Notch-signaling pathway has been previously reported to be vital for vascular diseases such as AS.[@bib16], [@bib19], [@bib20] Thus, it could be inferred that miR-133b targeted MAML1 to affect the Notch-signaling pathway in AS.

Successful Establishment of AS Mouse Models {#sec2.2}
-------------------------------------------

The current study commenced experimentation with the establishment of AS mouse models. Four indexes of blood lipid profile were examined to verify the establishment of AS model, including low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), TC (total cholesterol), and triacylglycerol (TG) ([Table 1](#tbl1){ref-type="table"}). Significantly increased levels of LDL-C, TC, and TGs and a decreased level of HDL-C in modeled mice indicated toward successful establishment of AS models (p \< 0.05).Table 1Levels of Indexes of Blood Lipids (LDL-C, HDL-C, TC, and TGs) Reveal the Successful Establishment of AS Model in MiceGroupCase (n)LDL-C (mmol/L, mean ± SD)HDL-C (mmol/L, mean ± SD)TC (mmol/L, mean ± SD)TG (mmol/L, mean ± SD)Healthy mice200.30 ± 0.030.63 ± 0.092.46 ± 0.150.61 ± 0.03AS mouse models2010.11 ± 2.98[∗](#tblfn1){ref-type="table-fn"}0.58 ± 0.93[∗](#tblfn1){ref-type="table-fn"}18.38 ± 1.44[∗](#tblfn1){ref-type="table-fn"}2.02 ± 0.57[∗](#tblfn1){ref-type="table-fn"}[^2][^3]

Downregulated miR-133b Improves Pathological Changes in AS Mouse Models {#sec2.3}
-----------------------------------------------------------------------

To investigate whether miR-133b affected the pathological process of AS, the AS mice were injected with agomir or antagomir of miR-133b. Moreover, we also injected some control and AS mice with DAPT (N-\[N-(3,5-difluorophenacetyl)-1-alanyl\]-S-phenylglycine t-butyl ester), an inhibitor of the Notch-signaling pathway, to explore whether the Notch-signaling pathway participated in the influence of miR-133b on AS development. H&E staining was performed in order to measure the pathological changes in mice ([Figure 2](#fig2){ref-type="fig"}).Figure 2Downregulated miR-133b Alleviates Pathological Changes of AS Mouse Models (400×)Black arrow indicates toward typical atheromatous plaque. AS, atherosclerosis; miR-133b, microRNA-133b.

The vessel morphology in the control and control + DAPT groups was observed to be normal without AS plaque, and the endarterium was smooth without foam cells or inflammatory cells. The vessel wall in the AS and AS + miR-133b agomir + DAPT groups was thickened and the lumen was narrowed, with the appearance of vulnerable AS plaque characterized by multi-fibrous cap and enlarged lipid core. In the AS + miR-133b agomir group, when compared with the AS group, the AS plaque was observed to be further thickened and the lumen was narrower; more multi-fibrous cap, a larger lipid core, a bigger plaque area, and unstable plaque shape were observed. However, in the AS + DAPT and AS + miR-133b antagomir groups, the lumen was observed to be slightly narrowed, the tunica intima was mostly smooth, the multi-fibrous cap was thick, the lipid core was small, the plaque area was rather small, and plaque shape tended to be stable, which were suggestive of pathological improvement as compared with the AS group. Thus, these findings demonstrated that miR-133b depletion contributes to pathological improvement in AS mouse models.

Downregulated miR-133b and Inactivation of the Notch-Signaling Pathway Decrease the Positive Rate of Macrophages and Increase that of VSMCs in AS Mouse Models {#sec2.4}
--------------------------------------------------------------------------------------------------------------------------------------------------------------

Immunohistochemistry ([Figure 3](#fig3){ref-type="fig"}) and quantitative analysis ([Table 2](#tbl2){ref-type="table"}) revealed the positive rate of cells in different groups. There were no significant differences in the positive rates of macrophages and vascular smooth muscle cells (VSMCs) between the control group and the control + DAPT group (p \> 0.05), while the positive rate of macrophages was found to be increased significantly and that of VSMCs was decreased remarkably in the rest of the groups (all p \< 0.05). Compared with the AS group, the AS + miR-133b agomir group showed notably increased positive rates of macrophages and significantly decreased positive rates of VSMCs; the AS + DAPT group and the AS + miR-133b antagomir group exhibited significantly lower positive rates of macrophages and notably increased VSMCs (all p \< 0.05); and the AS + miR-133b agomir + DAPT group presented no significantly different positive rates of macrophages and VSMCs (p \> 0.05).Figure 3Downregulated miR-133b Increases the Positive Rate of Macrophages and Decreases the Positive Rate of VSMCs in the AS Mouse Models(A) The immunohistochemical staining of CD68 in each group (scale bar, 25 μM). (B) The immunohistochemical staining of α-SMA in each group (scale bar, 25 μM). AS, atherosclerosis; VSMC, vascular smooth muscle cell; miR-133b, microRNA-133b.Table 2Quantitative Analysis for the Positive Rates of CD68 and α-SMA in Carotid Artery of Mice Detected by ImmunohistochemistryGroupCase (n)CD68 Positive Rate (%, mean ± SD)α-SMA Positive Rate (%, mean ± SD)Control2020.23 ± 3.7120.24 ± 1.37AS2030.03 ± 3.48[∗](#tblfn2){ref-type="table-fn"}13.56 ± 2.63[∗](#tblfn2){ref-type="table-fn"}Control + DAPT2020.01 ± 2.9920.48 ± 1.28AS + DAPT2024.99 ± 1.07[∗](#tblfn2){ref-type="table-fn"}^,^[\#](#tblfn3){ref-type="table-fn"}16.36 ± 2.94[∗](#tblfn2){ref-type="table-fn"}^,^[\#](#tblfn3){ref-type="table-fn"}AS + miR-133b agomir2035.20 ± 2.83[∗](#tblfn2){ref-type="table-fn"}^,^[\#](#tblfn3){ref-type="table-fn"}10.06 ± 1.38[∗](#tblfn2){ref-type="table-fn"}^,^[\#](#tblfn3){ref-type="table-fn"}AS + miR-133b antagomir2023.18 ± 1.34[∗](#tblfn2){ref-type="table-fn"}^,^[\#](#tblfn3){ref-type="table-fn"}16.27 ± 2.74[∗](#tblfn2){ref-type="table-fn"}^,^[\#](#tblfn3){ref-type="table-fn"}AS + miR-133b agomir + DAPT2029.64 ± 1.26[∗](#tblfn2){ref-type="table-fn"}12.58 ± 2.11[∗](#tblfn2){ref-type="table-fn"}[^4][^5][^6]

The aforementioned results showed that downregulation of miR-133b and inhibition of the Notch-signaling pathway might attenuate the immune reaction of macrophages, which could affect the formation of vulnerable AS plaque formation and vascular remodeling in AS mouse models.

MAML1 Is the Target Gene of miR-133b {#sec2.5}
------------------------------------

The targeting relationship between miR-133b and MAML1 was predicted using bioinformatics websites ([Figure 4](#fig4){ref-type="fig"}A). As shown in [Figure 4](#fig4){ref-type="fig"}B, the dual-luciferase reporter gene assay revealed that cells co-transfected with miR-133b agomir and MAML1-wild-type (WT) plasmid exhibited significantly lowered luciferase activity compared to the cells co-transfected with miR-133b agomir-negative control (NC) and MAML1-WT plasmid (p \< 0.05), while no obvious differences were observed in other groups (p \> 0.05). The above results demonstrated that miR-133b targeted MAML1.Figure 4MAML1 Is a Target Gene of miR-133b(A) Binding sites of miR-133b to MAML1 based on bioinformatics prediction. (B) Luciferase activity of MAML1-WT and MAML1-Mut in the miR-133b agomir and miR-133b-NC groups. \*p \< 0.05, compared with the MAML1-WT + miR-133b agomir-NC group; the measurement data were presented as the mean ± SD; the experiment was repeated 3 times. miR-133b, microRNA-133b; NC, negative control; Mut, mutant; WT, wild-type; MAML1, mastermind-like 1.

miR-133b Downregulation Decreases Levels of MMP1 and MMP9 but Elevates TIMP1 Levels {#sec2.6}
-----------------------------------------------------------------------------------

Matrix metalloproteinases (MMPs) play a significant role in the stability of AS plaque and vascular remodeling. The current study employed ELISA to detect the levels of MMP1, MMP9, and tissue inhibitor of metalloproteinase 1 (TIMP1) ([Table 3](#tbl3){ref-type="table"}). There were no significant differences in the levels of MMP1, MMP9, and TIMP1 between the blank + DAPT group and blank group (p \> 0.05); however, the levels of MMP1 and MMP9 were found to be increased significantly and those of TIMP1 decreased obviously in the rest of the groups as compared with the blank group (p \< 0.05). In contrast to the AS group, the AS + miR-133b agomir group exhibited significantly increased levels of MMP1 and MMP9 and decreased TIMP1 levels; and the AS + DAPT and AS + miR-133b antagomir groups showed lowered levels of MMP1 and MMP9 and elevated TIMP1 levels (all p \< 0.05). No significant differences were observed between the AS + miR-133b agomir + DAPT group and the AS group in the levels of MMP1, MMP9, and TIMP1 (p \> 0.05). These results revealed that miR-133b antagomir could reduce AS plaque and vascular remodeling by regulating the levels of MMP1, MMP9, and TIMP1.Table 3The Levels of MMP1, MMP9, and TIMP1 in Macrophages of Mice (n = 20)GroupMMP1 (μg/L, mean ± SD)MMP9 (μg/L, mean ± SD)TIMP1 (μg/L, mean ± SD)Blank215.73 ± 10.12279.63 ± 13.52135.64 ± 10.37AS307.11 ± 15.63[∗](#tblfn4){ref-type="table-fn"}593.77 ± 21.43[∗](#tblfn4){ref-type="table-fn"}67.26 ± 6.33[∗](#tblfn4){ref-type="table-fn"}Blank + DAPT219.54 ± 11.23283.56 ± 14.11127.58 ± 10.14AS + DAPT267.14 ± 13.45[∗](#tblfn4){ref-type="table-fn"}^,^[\#](#tblfn5){ref-type="table-fn"}510.33 ± 23.47[∗](#tblfn4){ref-type="table-fn"}^,^[\#](#tblfn5){ref-type="table-fn"}89.69 ± 7.53[∗](#tblfn4){ref-type="table-fn"}^,^[\#](#tblfn5){ref-type="table-fn"}AS + miR-133b agomir347.56 ± 13.47[∗](#tblfn4){ref-type="table-fn"}^,^[\#](#tblfn5){ref-type="table-fn"}669.63 ± 26.71[∗](#tblfn4){ref-type="table-fn"}^,^[\#](#tblfn5){ref-type="table-fn"}35.47 ± 3.46[∗](#tblfn4){ref-type="table-fn"}^,^[\#](#tblfn5){ref-type="table-fn"}AS + miR-133b antagomir259.33 ± 13.41[∗](#tblfn4){ref-type="table-fn"}^,^[\#](#tblfn5){ref-type="table-fn"}517.34 ± 24.12[∗](#tblfn4){ref-type="table-fn"}^,^[\#](#tblfn5){ref-type="table-fn"}91.32 ± 7.44[∗](#tblfn4){ref-type="table-fn"}^,^[\#](#tblfn5){ref-type="table-fn"}AS + miR-133b agomir + DAPT306.75 ± 14.21[∗](#tblfn4){ref-type="table-fn"}611.33 ± 21.69[∗](#tblfn4){ref-type="table-fn"}66.19 ± 6.04[∗](#tblfn4){ref-type="table-fn"}[^7][^8][^9]

Decreased miR-133b Inhibits Macrophage Proliferation {#sec2.7}
----------------------------------------------------

Macrophage viability of AS mouse models was measured using cell-counting kit-8 (CCK-8) ([Figure 5](#fig5){ref-type="fig"}). Compared with the blank group, the blank + DAPT group showed no significant differences in macrophage viability (p \> 0.05), while the viability was accelerated in the other groups (p \< 0.05). After 24 h of transfection, compared with the AS group, the AS + miR-133b agomir group exhibited notably increased macrophage viability; the AS + DAPT and AS + miR-133b antagomir groups presented with inhibited macrophage viability (p \< 0.05); and the AS + miR-133b + DAPT group showed no significant changes in viability (p \> 0.05). The CCK-8 results indicated that miR-133b inhibition decreased proliferation in macrophages.Figure 5Downregulated miR-133b Inhibits Macrophage Growth and Proliferation by CCK-8 Assay\*p \< 0.05, compared with the blank group; ^\#^p \< 0.05, compared with the AS group;the measurement data were presented as the mean ± SD; the experiment was repeated 3 times; OD, optical density; AS, atherosclerosis; miR-133b, microRNA-133b; NC, negative control; CCK-8, cell counting kit-8.

Downregulation of miR-133b Suppresses Macrophage Migration {#sec2.8}
----------------------------------------------------------

The migration rate of macrophages was assessed using scratch tests ([Figure 6](#fig6){ref-type="fig"}). Compared with the blank group, the blank + DAPT group showed no significant differences in macrophage migration (p \> 0.05), while macrophage migration was significantly increased in the other groups (p \< 0.05). Compared with the AS group, macrophage migration rate was significantly augmented in the AS + miR-133b agomir group but lowered in the AS + miR-133b antagomir and the AS + DAPT groups (p \< 0.05), while no obvious changes were observed in the AS + miR-133b agomir + DAPT group (p \> 0.05). The above results proved that miR-133b inhibition could attenuate the migration of macrophages.Figure 6Downregulation of miR-133b Inhibits Macrophage Migration by Scratch Test(A) Scratch test results of mouse macrophages in different groups. (B) Quantitative analysis for migration rate of mouse macrophages in different groups. \*p \< 0.05, compared with the blank group; ^\#^p \< 0.05, compared with the AS group; the measurement data were presented as the mean ± SD; the experiment was repeated 3 times. AS, atherosclerosis; miR-133b, microRNA-133b.

Downregulated miR-133b Promotes Macrophage Apoptosis {#sec2.9}
----------------------------------------------------

FITC was then detected using flow cytometry at the wavelength of 480 and 530 nm and PI at the wavelength of over 575 nm ([Figure 7](#fig7){ref-type="fig"}; left lower quadrant, normal cells; left upper quadrant, dead cells; right lower quadrant, apoptotic cells at the early stage; and right upper quadrant, apoptotic cells at the advanced stage). The apoptosis of macrophages in the blank group was not significantly different from that in the blank + DAPT group (p \> 0.05). However, as compared with the blank group, the AS, AS + miR-133b agomir, AS + DAPT, AS + miR-133b antagomir, and AS + miR-133 agomir + DAPT groups showed significantly increased macrophage apoptosis. Compared with the AS group, the AS + miR-133b agomir group showed decreased apoptosis; the AS + DAPT and AS + miR-133b antagomir groups presented with increased apoptosis rates (p \< 0.05); while the AS + miR-133 agomir + DAPT group exhibited no significant changes in apoptosis (p \> 0.05). These findings showed that miR-133b downregulation could promote apoptosis in macrophages.Figure 7Downregulation of miR-133b Promotes Macrophage Apoptosis by Flow Cytometry(A) Flow cytometric cell apoptosis of mouse macrophages in different groups. (B) Quantitative analysis for apoptosis rate of mouse macrophages in different groups. \*p \< 0.05, compared with the blank group; ^\#^p \< 0.05, compared with the AS group; the measurement data were presented as the mean ± SD; the experiment was repeated 3 times. AS, atherosclerosis; miR-133b, microRNA-133b.

Downregulated miR-133b Elevates MAML1 and Inhibits the Activation of the Notch-Signaling Pathway {#sec2.10}
------------------------------------------------------------------------------------------------

The mRNA and protein expressions of MAML1, the Notch-signaling pathway-related genes, and apoptosis-related genes in each group were detected using qRT-PCR ([Figure 8](#fig8){ref-type="fig"}A) and western blot analysis ([Figures 8](#fig8){ref-type="fig"}B and 8C). Compared with the blank group, the AS group exhibited upregulated expressions of miR-133b and downregulated mRNA and protein expressions of MAML1. Compared with the AS group, miR-133b expression was found to be elevated while the mRNA and protein expressions of MAML1 were decreased in the AS + miR-133b agomir and AS + miR-133b agomir + DAPT groups, while the opposite trends were observed in the AS + miR-133b antagomir group (all p \< 0.05).Figure 8Downregulation of miR-133b Induces Increased MAML1 Expression and Inactivated Notch-Signaling Pathway(A) Relative expressions of miR-133b, Notch1, Jagged-1, DLL4, Bax, Bcl-2, and Caspase-3, as detected by qRT-PCR. (B) Gray values of MAML1, Notch1, Jagged-1, DLL4, Bax, Bcl-2, and Caspase-3, as determined by western blot analysis. (C) Statistical analysis of the gray values in (B). \*p \< 0.05, compared with the blank group; ^\#^p \< 0.05, compared with the AS group; the measurement data were presented as the mean ± SD; the experiment was repeated 3 times. miR-133b, microRNA-133b; MAML1, mastermind-like 1; DLL4, Delta-like ligand 4; Bcl-2, B cell lymphoma-2; AS, atherosclerosis.

The mRNA and protein expressions of the Notch-signaling pathway-related genes (Notch1, Jagged-1, and DLL4) were downregulated in the blank + DAPT group, while they were upregulated in the remaining groups compared to the blank group (all p \< 0.05). The mRNA and protein expressions of Notch1, Jagged-1, and DLL4 were not significantly different between the AS + miR-133b agomir + DAPT and AS groups (p \> 0.05), but they were downregulated in the AS + DAPT and AS + miR-133b antagomir groups, while upregulated expressions were observed in the AS + miR-133b agomir group.

B cell lymphoma-2 (Bcl-2) is a negative regulator of cell apoptosis while Bax and Caspase-3 are positive regulatory genes of apoptosis, whose mRNA and protein expressions presented with no significant differences between the blank and the blank + DAPT groups (p \> 0.05). The mRNA and protein expressions of Bcl-2 were upregulated, while those of Bax and Caspase-3 were downregulated in the remaining groups (p \< 0.05) in comparison with the blank group. The mRNA and protein expressions of Bcl-2 were upregulated, while those of Bax and Caspase-3 were downregulated in the AS + miR-133b agomir group as compared with the AS group. The AS + DAPT and AS + miR-133b antagomir groups exhibited reduced Bcl-2 expression and increased expressions of Bax and Caspase-3 in comparison with the AS group (p \< 0.05). The mRNA and protein expressions of Bcl-2, Bax, and Caspase-3 were not significantly different between the AS + miR-133b agomir + DAPT group and the AS group (p \> 0.05). All these findings revealed that the downregulation of miR-133b inhibited the mRNA and protein expressions of Notch1, Jagged-1, DLL4, and Bcl-2 while promoting those of Bax and Caspase-3, thus inhibiting the Notch-signaling pathway and promoting apoptosis in macrophages.

Discussion {#sec3}
==========

The accumulation of macrophages in the vascular wall responding to environmental stimuli, including modified lipids and cytokines, leads to AS lesions.[@bib21] Inflammatory pathway activation in macrophage lesions plays significant roles in promoting the proatherogenic process.[@bib3] In the current study, AS models were established in mice in order to explore the effect of miR-133b on the degradation, atrophy, and apoptosis of macrophages. Eventually, the study provided evidence revealing that miR-133b downregulation could inhibit the Notch-signaling pathway, thus promoting macrophage apoptosis and suppressing proliferation and migration in AS mouse models.

Initially, our findings revealed that, in the macrophages transfected with DAPT or miR-133b antagomir, the lumen was slightly narrowed, the tunica intima was mostly smooth, the multi-fibrous cap was thick, the lipid core was small, the plaque area was rather small, and the plaque shape tended to be stable, all of which were suggestive of pathological improvement of AS conditions. These findings demonstrated that downregulation of miR-133b or inhibition of the Notch-signaling pathway decreased the area of vulnerable plaque and vessel thickness. Vulnerable plaques are defined as precursors to lesions that rupture, while plaque rupture results in about 75% of all fatal coronary thrombi.[@bib22], [@bib23]

There are numerous causes of plaque development, including the development of smooth muscle cells and endothelial cells, collagens, MMPs, fibronectin, elastin, and excessive foam cells.[@bib1] A previous study reported the existence of alterations in the expressions of specific miRNAs in human atherosclerotic plaques, and it suggested that miRNAs may regulate the evolution of atherosclerotic plaque toward instability and rupture.[@bib24] In addition, our data suggested that the downregulation of miR-133b and inhibition of the Notch-signaling pathway led to higher positive rates of macrophages and notably decreased VSMCs; moreover, they lowered the levels of MMP1 and MMP9 and elevated that of TIMP1.

VSMCs are engaged in arterial wall remodeling, which would maintain blood flow in affected vessels caused by atherosclerotic alteration and function flexibly responding to vascular injury.[@bib25] The transformation of VSMCs into foam cells leads to increased plaque size and decreased stability, and interleukin-19-induced miR133a expression stimulated VSMCs, representing a link between vascular lipid metabolism and inflammation.[@bib26] Additionally, miR-133b has been reported to directly target MMP9, the silencing of which inhibited viability and migration in human non-small-cell lung cancer.[@bib27] Similarly, MMPs play critical roles in the pathogenesis of coronary artery disease, a stage of AS involving atheromas inside the arterial walls, thus resulting in narrowing of the arteries and culminating in decreased blood flow (p: 23105899). MMPs and TIMPs are associated with AS and plaque rupture, and increased levels of MMP1 and MMP9 were observed in atheromatous, vulnerable plaques.[@bib28] Supportively, a previous study indicated that miR-133b could inhibit the expression of MMP9.[@bib29] Therefore, downregulation of miR-133b or inhibition of the Notch-signaling pathway could attenuate the vulnerable plaque in AS.

Also, concluding from the qRT-PCR and western blot analyses, downregulation of miR-133b decreased the expressions of MAML, Notch1, Jagged-1, DLL4, and Bcl-2 while promoting those of Bax and Caspase-3, thus inhibiting the Notch-signaling pathway and promoting apoptosis in macrophages. Similarly, a previous study indicated that miR-133b regulated death receptor-induced apoptosis by targeting anti-apoptotic genes.[@bib30] Strikingly, one study reported that the activation of macrophages leads to the pathogenesis of inflammatory diseases such as AS, while Notch3 can increase during macrophage differentiation, and Notch3 knockdown lowered the transcription levels of genes that promoted inflammation.[@bib31] Notch signaling determines the M1 versus M2 polarization of macrophages in antitumor immune responses.[@bib32] MAML genes are the primary components of the Notch-signaling pathway, regulating cellular events involved in both normal development and oncogenesis.[@bib33] Bcl-2 is a protein that is a critical component of the apoptotic pathway and functions chiefly as an apoptosis inhibitor.[@bib34] Previous studies have indicated that transfection of miR-133b could inhibit the activation of Caspase-3 and reverse the decrease in the Bcl-2:Bax ratio.[@bib35], [@bib36] Jagged-1 and DLL4 are two members of the Notch family in mammals, and DLL4 is a basic factor during the formation process of mature vasculature.[@bib37] Downregulation of miR-19a inhibited metastatic renal cell carcinoma by inactivating the Notch-signaling pathway *in vitro*, as reported by another research.[@bib38]

Our findings also indicated that the downregulation of miR-133b could inhibit the proliferation and migration while promoting apoptosis in macrophages in AS. miR-133a can serve as a biomarker to predict cardiac hypertrophy in patients with chronic hemodialysis.[@bib39] The aberrant expression of miR-133 is implicated in the nicotine-induced cardiomyocyte apoptosis via the mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinase (ERK)-signaling pathway.[@bib40]

In conclusion, the current study provides evidence suggesting that the downregulation of miR-133b could suppress proliferation and migration while promoting apoptosis in macrophages, to attenuate the vulnerable plaque formation and vascular remodeling by inactivating the Notch-signaling pathway via binding to MAML1 in AS mouse models. Therefore, our study further elucidates the molecular mechanism of miR-133b in AS, and it can pave the path for better treatment regimens of AS. However, further studies are warranted in order to adequately define the detailed mechanisms by which miR-133b and the Notch-signaling pathway interact and influence AS.

Materials and Methods {#sec4}
=====================

Ethics Statement {#sec4.1}
----------------

All animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals published by the NIH,[@bib41] and the ethical approval was issued by the Animal Ethics Committee of Zhejiang Provincial People's Hospital, People's Hospital of Hangzhou Medical College. Additionally, all efforts were made to minimize the suffering of the included animals.

Microarray-Based Analysis {#sec4.2}
-------------------------

AS-related miRNA microarray dataset GEO: [GSE26555](ncbi-geo:GSE26555){#intref0040} was obtained using the GEO database (GEO: [GSE26555](ncbi-geo:GSE26555){#intref0045}). Next, the R language package was applied for differential analysis, and the affy package (<http://www.bioconductor.org/packages/release/bioc/html/affy.html>) was utilized for standardized pretreatment of expression data. Next, the limma package (<http://master.bioconductor.org/packages/release/bioc/html/limma.html>) was used to conduct differential screening, and pheatmap package (<https://cran.r-project.org/web/packages/pheatmap/index.html>) was employed to plot the differential expression heatmap. After miRNA was selected, TargetScan (<http://www.targetscan.org/vert_71/>), miRDB (<http://www.mirdb.org/>), and DIANA (<http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/index>) databases were employed to predict the target genes of miRNA. Subsequently, the Venn online analysis tool Calculate and draw custom Venn diagrams (<http://bioinformatics.psb.ugent.be/webtools/Venn/>) was utilized to screen the results of the target gene. Kyoto Encyclopedia of Genes and Genomes (KEGG) PATHWAY Database (<https://www.genome.jp/kegg/pathway.html>) was used to research the potentially related signaling pathway.

Animal Grouping and Model Establishment of AS Model in Mice {#sec4.3}
-----------------------------------------------------------

A total of 140 healthy male ApoE^−/−^ mice, aged 8 weeks (SCXK-Su-2011-0003, Cavens Lab Animal, Jiangsu, China), was included in the current study. Among them, 20 mice were randomly regarded as the control group, while another 20 mice served as the control + DAPT group, which were all fed basic diets for a duration of 12 weeks. The remaining 100 mice were fed high-fat feedstuff (2% cholesterol, 0.5% bile acid, 3% lard, 0.2% propylthiouracil, and 94.3% basic diet) for 12 weeks in order to establish AS models. After 12 weeks, 20 healthy mice and AS-modeled mice were selected, and venous blood samples were drawn to test the levels of LDL-C, HDL-C, TC, and TG using an automatic blood biochemical analyzer (AU5800, Beckman Coulter, CA, USA). Increased levels of LDL-C, TC, and TGs and decreased levels of HDL-C in modeled mice in comparison with the healthy mice indicated the successful establishment of AS models.

Subsequently, the modeled mice were randomly assigned into the 5 following groups with 20 mice in each group: the AS group, the AS + DAPT group (injected with DAPT, an inhibitor of the Notch-signaling pathway), the AS + miR-133b agomir group (injected with miR-133b agomir), the AS + miR-133b antagomir (injected with miR-133b antagomir), and the AS + miR-133b agomir + DAPT group (injected with miR-133b agomir and DAPT). From the second week after the successful establishment of AS models, mice in the AS + miR-133b agomir, AS + miR-133b antagomir, and AS + miR-133b agomir + DAPT groups were injected with the same volumes of miR-agomir or antagomir (dissolved in 0.2 mL normal saline, purchased from RiboBio, Guangdong, China) through the caudal vein every 2 weeks at a dose of 20 mg/kg, while the AS and the AS + DAPT groups were injected with the same dosages of normal saline. From the sixth week after modeling, mice in the control + DAPT, AS + DAPT, and AS + miR-133b agomir + DAPT groups were hypodermically injected with DAPT (dissolved in DMSO, 160 μL/mouse) every alternate day, while mice in the remaining groups were treated with hypodermic injection of DMSO (140 μL/mouse) every alternate day. Both injections were administered every other day and lasted for a total of 5 weeks.

H&E Staining {#sec4.4}
------------

The aorta was collected from mice and fixed in 4% paraformaldehyde, followed by dehydration and permeabilization. The paraffin-embedded aorta was sliced into 0.6-mm-thick sections. A total of 3 sections were selected from each mouse, stained with H&E (Beijing Solarbio Science & Technology, Beijing, China) for 2--3 min, and dissimilated in 1% hydrochloric acid alcohol for 2--3 s. After being soaked in warm water for 10 min until a blue coloration was observed, the sections were stained with eosin for 2 min, dehydrated with gradient alcohol, and cleared in xylene. Subsequently, histopathologic changes were observed using an optical microscope after the sections were sealed with neutral balsam (the nucleus was stained blue and the cytoplasm was stained red).

Immunohistochemistry {#sec4.5}
--------------------

A total of 5 aorta sections was collected from each group, treated with xylene, dehydrated with gradient ethanol, and incubated with 3% H~2~O~2~ at room temperature for 10 min. Next, the sections were immersed in a citrate buffer (0.01 nmol/L \[pH 6.0\]) and heated to 96°C--98°C in a microwave oven. Then the sections were blocked with 10% normal goat serum for 20 min at room temperature, and they were incubated with primary antibodies rabbit polyclonal antibody to α-SMA (dilution ratio of 1:100--300, A03744, Boster Biological Technology, Wuhan, China) and CD68 (dilution ratio of 1:2,000, ab125212, Abcam, Cambridge, MA, USA) overnight at 4°C, with PBS serving as the NC. Subsequently, the sections were added with biotin-labeled goat anti-rabbit immunoglobulin G (IgG) secondary antibody (dilution ratio of 1:2,000, ab205718, Abcam, Cambridge, MA, USA) at room temperature for 30 min.

After that, the sections were incubated with streptavidin-biotin complex (SABC) and developed with diaminobenzidine (DAB), followed by being counterstained with hematoxylin. Then, the sections were dehydrated with gradient ethanol, cleared with xylene, sealed with neutral balsam, and observed under a light microscope. The cytoplasm of smooth muscle cells (SMCs) and macrophage-positive cells was stained with pale yellow, brownish yellow, or brown coloration. Ten fields of view were selected from each slice in order to calculate the percentage of cells with positive expression to the total cells. The CIMA multiscale true color pathological image analysis system software (Image Processing Center, School of Astronautics, Beihang University, Beijing, China) was employed for image analysis.

Macrophage Separation and Culture {#sec4.6}
---------------------------------

Mice were collected from both the control and AS groups (n = 5 in each group), and intraperitoneally injected with 3% gelatinous broth prepared with double distilled water (1.5--2 mL per mouse) for a duration of 4 days. Next, the mice were euthanized by spinal cord dislocation, and then a tiny incision was made on the lower abdomen using surgical scissors to expose the peritoneum. After that, 5 mL RPMI-1640 medium was injected into the abdominal cavity of mice. Then, the culture medium was extracted into the centrifuge tube after filtration with a 70-μMb filter. The above operations were repeated 3 times until the medium turned totally clear. Next, the extracted medium was centrifuged and added with serum-free medium, which was observed and counted under the microscope. Then, the resuspended solution was inoculated into the culture plate with the original culture medium changed after 3 h. The cells were further incubated with the addition of basic medium containing 10% fetal bovine serum (FBS).

Next, the cells were inoculated in a 6-well plate and identified until cell confluency reached over 90%. In brief, the cells were trypsinized, centrifuged, and blocked with goat serum. Next, the cells were incubated with the F4/80 antibody prepared with 200 μL PBS (dilution ratio of 1:100) for 30 min, avoiding light exposure. Finally, the sample was added with 500 μL PBS and tested with flow cytometry. After verification, the macrophages were incubated in DMEM containing 10% FBS (Gibco, Grand Island, NY, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin in a 5% CO~2~ incubator at 37°C.

Then, the incubated cells were assigned into the 7 following groups: the blank group (macrophages from the control group), the blank + DAPT group (macrophages from the control group treated with DAPT), the AS group (macrophages from the AS group), the AS + DAPT group (macrophages from the AS group treated with DAPT), the AS + miR-133b agomir group (macrophages from the AS group transfected with miR-133b agomir), the AS + miR-133b antagomir group (macrophages from the AS group transfected with miR-133b antagomir), and the AS + miR-133b agomir + DAPT group (macrophages from the AS group transfected with miR-133b agomir and treated with DAPT). Then the cells were treated with DAPT as follows: DAPT was primarily added into the cell culture medium for incubation (Selleck Chemicals, Houston, TX, USA), which was mixed with 1.2 mL DMSO to obtain a 10 mmol/L solution, and then diluted to 10 μmol/L. Transfection of miR-133b agomir and antagomir was performed using Lipofectamine 2000 (Invitrogen, Gaithersburg, MD, USA), according to the manufacturer's instructions. At last, the cells were collected for further experimentation after incubation.

Dual-Luciferase Reporter Gene Assay {#sec4.7}
-----------------------------------

The target relationship between miR-133b and MAML1 was predicted using the bioinformatics prediction website, <http://www.microrna.org/microrna/home.do>. Total RNA content from the macrophages was extracted from each group, the potential target genes were amplified using PCR, and Hind II and Pme I cleavage sites were added to both ends of the above amplification products. Next, the pMIR-Report Luciferase vector (Biovector107902, Biovector Science Lab, Beijing, China) was treated with restriction enzymes Hind III and Pme I, and the large fragments were recycled after electrophoresis. The target gene was connected to the vector via Ligase 4 to obtain MAML1-WT and MAML1 mutant (Mut) plasmids, which were transfected into the competent cell of *Escherichia col*. After *Escherichia coli* was identified by PCR, the bacterial colony containing target gene fragments was examined by an extraction kit to get the plasmids that were later sent to be validated by gene sequencing.

Subsequently, the mouse macrophages were assigned into the following groups: the MAML1-WT + miR-133b agomir-NC group, the MAML1-Mut + miR-133b agomir-NC group, the MAML1-WT + miR-133b agomir group, and the MAML1-Mut + miR-133b agomir group. Cell transfection was performed using Lipofectamine 2000 (Invitrogen, Gaithersburg, MD, USA), according to the manufacturer's instructions. The original solution was changed 6 h after transfection, and the cells were collected after 24 h. After collection, the fluorescence intensity was measured using a Firefly Luciferase Reporter Gene Assay Kit (RG005, Beyotime Institute of Biotechnology, Shanghai, China) and a microplate reader (MK3, Thermo, Pittsburgh, PA, USA) at an excitation wavelength of 560 nm.

ELISA {#sec4.8}
-----

Levels of MMP1, MMP9, and TIMP1 in the supernatant of cell samples from each group were measured using MMP1 ELISA (R&D Systems, Minneapolis, MN, USA), MMP9 ELISA (ZY-MMP9-Mu, ImmunoClone, USA), and TIMP1 ELISA kits (R&D Systems, Minneapolis, MN, USA), respectively, according to the manufacturer's instructions. The optical density (OD) value of each well was measured at an excitation wavelength of 450 nm using a microplate reader (MK3, Thermo, Pittsburgh, PA, USA), and the sample concentration was calculated according to the relationship between sample concentration and OD value.

CCK-8 {#sec4.9}
-----

The cell suspension (100 μL) was inoculated into a 96-well plate at a density of 2 × 10^5^ cells/mL, and 3 duplicate wells were set for each group. The cells were detected at various time intervals (0, 12, 24, and 48 h) after transfection. During detection, 100 μL culture medium containing 10 μL CCK-8 solution (7sea Biotech, Shanghai, China) was added to each well and incubated for 1 h at 37°C. The OD value (A490) of each well was detected using an ELISA kit (DG5031, Kehuai Instruments, Shanghai, China). The experiment was repeated three times.

Scratch Test {#sec4.10}
------------

Cells (n = 100 μL) were seeded in a 6-well plate at a density of 2 × 10^5^ cells/mL. After transfection, the cells were incubated for 24 h in a serum-free medium, and then a pipette tip was used to scratch a line according to the division of the selected colony. Next, the cells were photographed and incubated in the serum-free medium for 24 h. The experiment was repeated three times.

Flow Cytometry {#sec4.11}
--------------

The apoptosis rate of macrophages in each group was detected using an Annexin V-FITC/propidium iodide (PI) (Annexin V-FITC/PI) double staining kit (556547, Shanghai Solja Technology, Shanghai, China), according to the manufacturer's instructions. The cells were collected, centrifuged, and resuspended with pre-cooled 1× PBS, followed by the addition of 300 μL 1× binding buffer. After that, the cells were stained with 5 μL Annexin V-FITC and 1% PI (40710ES03, Shanghai Qianchen Biotechnical, Shanghai, China), respectively, avoiding light exposure. Then, FITC was detected using flow cytometry at the wavelength of 480 and 530 nm and PI at the wavelength over 575 nm ([Figure 7](#fig7){ref-type="fig"}; left lower quadrant, normal cells; left upper quadrant, dead cells; right lower quadrant, apoptotic cells at the early stage; and right upper quadrant, apoptotic cells at the advanced stage). All apoptotic cells at the right upper and lower quadrants were collected to analyze the cell apoptotic rate.

RNA Extraction and qPCR Analysis {#sec4.12}
--------------------------------

Total RNA content was extracted from macrophages with a Trizol Reagent kit (Takara, Tokyo, Japan). The extracted RNA was reverse transcribed into cDNA using a reverse transcription kit (Takara Biotechnology, Liaoning, Dalian, China). The miR-133b expression was detected using Quanti-Tect SYBR Green PCR kit with U6 serving as the internal reference, while the mRNA expression of other genes was detected using the SYBR Premix Ex TaqII kit (Takara, Japan), with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) serving as the internal reference, on an ABI 7500 qPCR system (ABI, Oyster Bay, NY, USA). The primers used are listed in [Table 4](#tbl4){ref-type="table"}. The 2^−ΔΔCt^ method was employed to determine the relative expression of each gene as follows: ΔΔCt = ΔCt ~experiment\ group~ − Ct ~control\ group~; ΔCt = Ct ~target\ gene~ − Ct ~internal\ gene~.Table 4Primer Sequences for qRT-PCRGeneSequencemiR-133bforward5′-TTGGTCCCCTTCAACCAGCTA-3′reverse5′-CAGTGCGTGTCGTGGAGT-3′U6forward5′-CTCGCTTCGGCAGCACA-3′reverse5′-ACGCTTCACGAATTTGCGT-3′Notch1forward5′-GATGGCCTCAATGGGTACAAG-3′reverse5′-TCGTTGTTGTTGATGTCACAGT-3′Jagged-1forward5′-ATGCAGAACGTGAATGGAGAG-3′reverse5′-GCGGGACTGATACTCCTTGAG-3′DLL4forward5′-TTCCAGGCAACCTTCTCCGA-3′reverse5′-ACTGCCGCTATTCTTGTCCC-3′Baxforward5′-GTTTCATCCAGGATCGAGCAG-3′reverse5′-CCCCAGTTGAAGTTGCCATC-3′Bcl-2forward5′-GGTACCGGAGAGCGTTCAGT-3′reverse5′-CTGCTGCATTGTTCCCGTAG-3′Caspase-3forward5′-AGCTTCTTCAGAGGCGACTA-3′reverse5′-GGACACAATACACGGGATCT-3′MAML1forward5′-CTGCCTCCCCTCAGAATGG-3′reverse5′-CTCCCGGCGTGTCTTCTTAT-3′GAPDHforward5′-GGGAAATTCAACGGCACAGT-3′reverse5′-AGATGGTGATGGGCTTCCC-3′[^10]

Western Blot Analysis {#sec4.13}
---------------------

Total protein content was extracted using mammalian protein extraction reagent (M-PER) containing protease inhibitors (Pierce, Rockford, IL, USA), and the concentration of the extracted protein was detected using a bicinchoninic acid (BCA) kit (20201ES76, Yeasen Biotech, Shanghai, China). After that, the proteins were separated by SDS-PAGE (10%) and transferred to a nitrocellulose membrane. After being blocked with 5% skimmed milk overnight at 4°C, the membrane was incubated with the following diluted primary antibodies overnight at 4°C: MAML1 (1:1,000, ab155786), Notch1 (1:500, ab8925), Jagged-1 (1:500, ab7771), DLL4 (1:2,000, ab7280), Bax (1:2,000, ab32503), Bcl-2 (1:1,000, ab59348), and Caspase-3 (1:500, ab13847). Next, the membrane was further incubated with the horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG secondary antibody (1:5,000, ab6789) at room temperature for 1 h. Finally, the enhanced chemiluminescence (ECL) reaction reagent (Pierce, Waltham, MA, USA) was used to visualize the results, and GAPDH (1:2,500, ab9485) was regarded as the internal control. All aforementioned antibodies were purchased from Abcam (Cambridge, MA, USA). The gray value was analyzed by ImageJ.

Statistical Analysis {#sec4.14}
--------------------

Statistical analyses were performed using the SPSS 21.0 software (IBM, Armonk, NY, USA). Measurement data were presented as the mean ± SD. Comparisons between two groups were analyzed by t test and among multiple groups by one-way ANOVA, followed by variance homogeneity test. When the results presented with significant differences, the *q* test was employed for pair comparison. Otherwise, a non-parametric rank test was adopted. The detection standard was set as α = 0.05. A p value \< 0.05 was considered to be statistically significant.
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[^7]: miR-133b, microRNA-133b; MMP, matrix metalloproteinase; TIMP1, tissue inhibitor of metalloproteinase 1; AS, atherosclerosis; DAPT, N-\[N-(3,5-difluorophenacetyl)-1-alanyl\]-S-phenylglycine t-butyl ester.
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